In addition to bottom-up input, the visual cortex receives large amounts of feedback from other cortical areas [1] [2] [3] . One compelling example of feedback activation of early visual neurons in the absence of bottom-up input occurs during the famous Kanizsa illusion, where a triangular shape is perceived, even in regions of the image where there is no bottom-up visual evidence for it. This illusion increases the firing activity of neurons in the primary visual cortex with a receptive field on the illusory contour [4] . Feedback signals are largely segregated from feedforward signals within each cortical area, with feedforward signals arriving in the middle layer, while top-down feedback avoids the middle layers and predominantly targets deep and superficial layers [1, 2, 5, 6] . Therefore, the feedback-mediated activity increase in V1 during the perception of illusory shapes should lead to a specific laminar activity profile that is distinct from the activity elicited by bottom-up stimulation. Here, we used fMRI at high field (7 T) to empirically test this hypothesis, by probing the cortical response to illusory figures in human V1 at different cortical depths [7] [8] [9] [10] [11] [12] [13] [14] . We found that, whereas bottom-up stimulation activated all cortical layers, feedback activity induced by illusory figures led to a selective activation of the deep layers of V1. These results demonstrate the potential for non-invasive recordings of neural activity with laminar specificity in humans and elucidate the role of top-down signals during perceptual processing.
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In Brief
Using high-field fMRI, Kok et al. show that feedback signals evoked by a visual illusion selectively activate the deep layers of the primary visual cortex, demonstrating the potential for noninvasive in vivo recordings of neural activity with laminar specificity in humans.
SUMMARY
In addition to bottom-up input, the visual cortex receives large amounts of feedback from other cortical areas [1] [2] [3] . One compelling example of feedback activation of early visual neurons in the absence of bottom-up input occurs during the famous Kanizsa illusion, where a triangular shape is perceived, even in regions of the image where there is no bottom-up visual evidence for it. This illusion increases the firing activity of neurons in the primary visual cortex with a receptive field on the illusory contour [4] . Feedback signals are largely segregated from feedforward signals within each cortical area, with feedforward signals arriving in the middle layer, while top-down feedback avoids the middle layers and predominantly targets deep and superficial layers [1, 2, 5, 6] . Therefore, the feedback-mediated activity increase in V1 during the perception of illusory shapes should lead to a specific laminar activity profile that is distinct from the activity elicited by bottom-up stimulation. Here, we used fMRI at high field (7 T) to empirically test this hypothesis, by probing the cortical response to illusory figures in human V1 at different cortical depths [7] [8] [9] [10] [11] [12] [13] [14] . We found that, whereas bottom-up stimulation activated all cortical layers, feedback activity induced by illusory figures led to a selective activation of the deep layers of V1. These results demonstrate the potential for non-invasive recordings of neural activity with laminar specificity in humans and elucidate the role of top-down signals during perceptual processing.
RESULTS
We non-invasively examined the laminar activity profile of the human primary visual cortex (V1), using high-field (7 T) fMRI with high spatial resolution, in response to illusory figures (Figures 1A-1C) . Specifically, we defined three equi-volume gray matter layers (superficial, middle, and deep) and determined the proportion of each voxel's volume in these layers (as well as in white matter and cerebrospinal fluid (CSF); Figures 1D and 1E). These layer ''weights'' were subsequently used in a spatial regression approach to determine layer-specific time courses of the blood-oxygen-level dependent (BOLD) signal in relevant parts of V1 [16] . We used a general linear model (GLM) of spatially distributed responses to unmix the signals from the different layers, even though these signals may be mixed in individual voxels (see Supplemental Experimental Procedures for technical details). The presence of an illusory triangle led to a selective increase of activity in regions of V1 whose receptive field was centered on the triangle ( Figure 1C ). This activation was only observed in the deep layers of V1 (t 9 = 3.4, p = 0.0070), while the superficial and middle layers were not differentially activated (both t < 1, p > 0.50). On the other hand, bottom-up stimulation by a contrast-reversing checkerboard stimulus reliably activated all cortical layers, with most prominent activity observed in middle and superficial layers (all p < 0.005; Figure 2B ). This qualitative difference in the laminar activity profile between bottom-up stimulation and top-down modulation led to a significant interaction between layer and condition (F 2,18 = 4.1, p = 0.035), providing evidence for the differential activation of cortical layers by feedforward and feedback streams.
In general, the BOLD time courses of the different gray matter layers were moderately correlated (r 0.4-0.5; Table S1 ). While this is likely in part due to neural activity propagating through the cortical column [17] , leading to a co-activation of all the different layers, it may also partly reflect spurious correlations due to partial volume effects, as well as transfer of activation caused by blood flowing from deep to superficial layers. Therefore, in an additional analysis, we assessed each layer's unique contribution by regressing out the time courses of the other two layers (see Supplemental Experimental Procedures). We found that the response to the illusory figure in the deep layers remained strongly present (t 9 = 3.7, p = 0.0053; Figure S1A) . In contrast, during bottom-up stimulation, the largest response was now observed in the middle layer (t 9 = 5.0, p = 0.00072), while the deep and superficial layers did not show a response over and above the overall response (both t < 1, p > 0.30; Figure S1B ).
There was not only enhanced activity in regions of V1 whose receptive field was on the illusory triangle but also reduced activity in regions of V1 with receptive fields on the surrounding inducer stimuli (t 9 = 2.4, p = 0.042, collapsed over layers), replicating previous work [15] and suggesting that the effect of topdown feedback depends on whether it is met with bottom-up input. Therefore, the laminar profile of this effect is also of interest, as it reflects the effect of top-down feedback in the presence of bottom-up sensory signals, as opposed to the top-down signal in the absence of sensory input at the location of the illusory triangle. Notably, the laminar profile of this top-down effect ( Figure 3A ) did not significantly differ from the laminar profile evoked by sensory stimulation ( Figure 3B ; F 2,18 = 1.2, p = 0.32; see also Figures S1C and S1D). Indeed, after applying the conservative laminar time course regression discussed above, the laminar profile of the inducer suppression effect differed significantly from the laminar profile of the excitatory illusory figure effect at the illusory triangle location (F 2,18 = 3.8, p = 0.043; Figure S1E ).
In order to visualize the laminar-specific effects of illusory figure perception across the visual field, we reconstructed the BOLD signal into visual space at the three different cortical depths, for both the top-down illusory figure effect (i.e., Kanizsa trials versus control trials) and the bottom-up checkerboard stimulation ( Figure 4 ). These reconstructions represent BOLD signals that have been transformed from cortical (i.e., voxel) space to visual (i.e., stimulus) space by multiplying each voxel's population receptive field by that voxel's BOLD response (for details, see Supplemental Experimental Procedures, ''Retinotopic reconstruction of effects''). It can be seen that the illusory figure enhancement is strongest in the deep layers and decreases as one moves up to the superficial layer ( Figure 4A , cf. 
DISCUSSION

Layer-Specific Effects of Illusory Figures in V1
Using high-resolution fMRI at 7 T, we showed that a top-down activation of the visual cortex, induced by a visual illusion, selectively activates the deep cortical layers of V1. This stands in contrast to the neural response elicited by a bottom-up stimulus, which activates all layers and is strongest in the middle and superficial layers. The top-down suppression of the response to Pac-Man shapes that induce an illusory figure, compared to identical shapes that do not, shows a different laminar profile than the excitatory top-down illusory figure effect and is in fact more similar to the laminar profile of the bottom-up stimulus effect, being strongest in middle and superficial layers. These results suggest that the laminar profile of feedback effects depends on whether they interact with bottom-up inputs.
In the current study, we divided the cortex in three equivolume layers, which do not necessarily correspond to the histological layers. However, in humans, these three laminar compartments are expected to correspond roughly to layers I-III, layer IV, and layers V-VI, respectively [18] . The selective activation of the deep layers of V1 due to the illusion appears in line with the known anatomical [2, 5] and functional [19] feedback connectivity from higher-order visual regions to the deep layers of V1. In addition to the deep layers, feedback connections are known to have dense terminations in layer I [2, 5] . Indeed, a recent laminar fMRI study of contextual effects in unstimulated human V1 reports effects in the most superficial layers [20] . It should be noted, however, that layer I is very thin, sparsely populated with neurons, and close to the pial veins on the cortical surface, making it challenging to detect layer-specific BOLD activation in this layer. In addition to layer I, contextual BOLD effects that are specific to the superficial layers could potentially also arise from layers II-III, known to be strong targets of horizontal connections [5, 21, 22] . Self et al. recently assessed layer-specific neural responses during figure-ground segregation using invasive laminar recordings in macaques [21] . In line with our findings, they report top-down figure filling-in in infragranular layer V. In addition, feedback effects are reported in superficial layer I and the upper part of layer II. An important difference with the current study is that Self and colleagues investigated the effect of top-down figure perception in the presence of bottom-up stimulation, while the illusory figure in the present study occurred in the absence of bottom-up input at the corresponding visual field locations. In fact, when we probed the laminar profile of the top-down suppression of activity evoked by the Pac-Man inducers, this effect was not restricted to the deep layers but appeared strongest in the superficial layers. This suggests that top-down feedback may evoke different laminar profiles depending on whether or not it interacts with bottom-up input. One potential mechanism of this interaction is through inhibitory connections from the deep layers to the granular layer IV [23] [24] [25] , which in turn can cause a reduction throughout the entire cortical column as a result of the excitatory pathway from layer IV to layers II-III and from layers II-III to layers V-VI [17] . In the absence of sensory input to layer IV, as is the case for the illusory triangle studied here, this modulation would not occur and top-down feedback signals would be restricted to the deep layers. An alternative explanation could be that the inducer suppression is the result of feedback connections terminating on inhibitory neurons in layer I, which in turn inhibit pyramidal neurons in layers II-III [26, 27] . This suggests that it is important to distinguish between driving and modulatory effects of backward connections when studying feedback signals in visual cortex.
Hierarchical Perceptual Inference
Our results are in line with theories that cast perception as hierarchical perceptual inference [28, 29] , according to which higher-order sensory regions form hypotheses about the causes of current sensory inputs and send feedback to lower-order regions to ''test'' these hypotheses. In the context of Kanizsa figures, neurons in higher-order visual regions with large receptive fields (such as in the lateral occipital complex [30] ) may ''hypothesize'' the presence of the (illusory) triangle based on the aligned wedges of the Pac-Man inducers and send feedback to neurons in lower-order visual regions (e.g., V1) that are expected to be active should such a triangle indeed be present. One proposed implementation of this process is (hierarchical) predictive coding [28, 31, 32] , according to which each cortical region houses separate sub-populations of neurons coding for perceptual hypotheses (predictions) and mismatches between these hypotheses and bottom-up sensory input (prediction errors). These sub-populations are suggested to reside in different cortical layers, with prediction units being predominantly present in the deep layers and prediction error units in the middle and superficial layers [26] . In the context of the current study, the illusory figure can be seen as a perceptual hypothesis (prediction) and would thus be expected to be encoded by prediction units in the deep layers of V1. Conversely, at the location of the Pac-Man shapes that induce the illusion, the presence of an illusory figure elicits a perceptual hypothesis (''a partially occluded black circle'') that is met with consistent bottom-up input (a partial black circle). Such a match between top-down predictions and bottom-up signals would lead to a reduced prediction error response in middle and superficial layers, compared to when there are no such top-down predictions (as in the control configurations; Figure 1B ). It should be noted that predictive coding is a process theory of perceptual processing that entails several phenomena-such as figure-ground segregation [33, 34] and biased competition [35, 36] -whose exact mechanisms have yet to be established. Therefore, more studies more specifically geared toward testing the effects of perceptual predictions [37, 38] with laminar resolution are needed. For instance, it would be of great interest to compare the laminar profiles of perceptual predictions and selective attention, as these are expected to affect separate sub-populations of neurons under these predictive coding accounts [36] . Additionally, future studies may pursue even greater specificity of neural responses by considering not only their amplitude but also their information content, using multivariate pattern analyses [39, 40] . For instance, such analyses could reveal whether the illusory figure effects presented here are specific to voxels whose orientation preference matches the orientation of the illusory contours. Indeed, a recent study combining multivariate pattern analysis with laminar fMRI demonstrates the potential power of this method [20] .
Limitations of Laminar fMRI
With laminar-specific fMRI, spatial resolution is a particular challenge. The average thickness of human V1 is 2.5 mm [41] , which we subdivide into three equi-volume layers. It should be noted that the effective resolution is likely to be somewhat decreased by blurring due to factors like head motion, inaccuracies in the boundary registration, and cortical inhomogeneity. Importantly, we do not rely on each (0.8 mm) voxel's volume being uniquely captured by one layer in order to obtain independent laminar signals. Instead, we performed a spatial regression, which explicitly attempts to unmix the signals from the different layers, even though these signals are mixed in individual voxels. This spatial unmixing is designed to extract signals with considerably less dependence on the actual voxel volume than the interpolation approach used in some previous laminar fMRI papers [8] . This is also expressed in our own data; the average correlation between the three gray matter layers is lower for time courses established using the regression approach (r 0.5) than for time courses at the same cortical depths established using the interpolation approach (r 0.8). Future studies may aim to increase the spatial resolution of laminar fMRI studies further, improving the ability to estimate independent laminar BOLD signals.
Another matter of concern are interdependencies in the BOLD signal between the different layers, as a result of venous blood draining from the deeper layers toward the surface [8, 9, 12, 42, 43] . Given the direction of this flow, the more superficial layers are expected to contain a mixture of signals from different layers, while the signal in the deep layers is relatively free of such effects. These interdependencies, and the resulting difference in reliability for signals in the different layers, make it challenging to precisely ascertain the laminar origin of signals, particularly in the superficial layers. This argues for the importance of comparing laminar profiles of different effects (e.g., the checkerboard and illusory figure effects in the current study) rather than only considering the laminar profile of a particular effect per se. Gaussian with center (x0, y0) and size s) by that voxel's differential BOLD response (illusory figure versus control). In order to obtain reconstructions per cortical layer, each voxel's receptive field was additionally weighted by the proportion of that voxel's volume that was in the layer of interest. We collapsed over the four different illusory triangles by first rotating the reconstructions of the upward-, rightward-, and downward-pointing triangles 90
, 180 , and 270 counterclockwise, respectively, to move them into the reference frame of the leftward-pointing triangle, before averaging. See Supplemental Experimental Procedures (''Retinotopic reconstruction of effects'') for details. Dashed white triangles indicate the location of the illusory triangles. (B) Reconstruction of the BOLD response evoked by a checkerboard stimulus presented at the location at which illusory figures were sometimes induced (see Figure 2B ). Note that these reconstructions only served visualization purposes; all statistical analyses were performed on the laminar profiles in Figures 2, 3 , and S1.
We assessed the interdependencies between layers by performing an analysis in which the signals from the neighboring layers were regressed out to show each layer's unique contribution to the signal ( Figure S1 ). In the case of bottom-up stimulation, this additional regression particularly reduced the signal in the superficial layers, while the strongest signals remained in the middle layers (compare Figures 2B and 3B to S1B and S1D), suggesting drainage from middle layers to the surface. The illusory figure effect in the deep layers, however, was unaffected (compare Figures 2A and S1A) . These results suggest that we can be confident about the origin of deep layer signals, compared to superficial signals.
Finally, a challenge in interpreting laminar fMRI (and fMRI in general) results is the complex relationship between neuronal excitation and inhibition and the hemodynamic response. However, studies directly linking neuronal activity and hemodynamic responses in monkeys have reported a close correspondence between neural (synaptic) activity and the BOLD response, both for excitation [44] and inhibition [45] .
Conclusions
In sum, the current study reveals highly specific laminar effects related to a feedback signal in the primary visual cortex using fMRI, showing the potential of studying the activity dynamics of the cortical layers non-invasively in humans. This technique holds great promise for elucidating the interaction between bottom-up and top-down signals during perception, as well as in other areas of cognition such as memory [46] .
EXPERIMENTAL PROCEDURES
The experimental procedures are summarized briefly throughout the Results and are presented in detail in the Supplemental Experimental Procedures. 
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